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Abstrat. - We report on a omprehensive study of the eletroni and magneti struture of
the striped nikelate La5/3Sr1/3NiO4. The investigation is arried out using band struture alu-
lations based on density funtional theory. A magneti struture ompatible with experiment is
obtained from spin-polarized alulations within the generalized gradient approximation (GGA),
whereas inlusion of a loal Coulomb interation in the LDA+U framework results in a dierent
ground state. The inuene of the various interation parameters is disussed in detail.
Stripe phases are urrently the fous of an intense a-
tivity as they are observed in a wealth of systems. Most
of them are layered oxides, inluding uprates [14℄, nik-
elates [59℄, and manganites [1012℄. In suh doped Mott
insulators the struture of these phases varies from system
to system: the domain walls in whih the holes are primar-
ily loated an run parallel to the lattie axes, or along the
diagonal. Furthermore, the distane between them is ei-
ther ompatible with one doped hole per two domain walls,
in the so-alled half-lled stripes, or with one doped hole
per one domain wall in the lled stripes, as disussed by
Zaanen and Ole± [13℄. Those various strutures are real-
ized in dierent systems, e. g., half-lled vertial stripes
in the lightly doped uprate Ca1.88Na0.12CuO2Cl2, and
diagonal lled stripes in La2−xSrxNiO4. Stripe formation
manifests itself in a wealth of experiments, in partiular
by the appearane of peaks in both unpolarized and po-
larized neutron sattering experiments. Indeed harge and
spin order in La2−xSrxNiO4 is haraterized by the wave
vetorsQc = 2π(ǫ, ǫ) andQs = π(1±ǫ, 1±ǫ), respetively,
with ǫ ≃ x orresponding to a onstant harge density of
one hole/Ni ion along the diagonal stripe. Inidentally, the
eletroni states involved in the stabilization of the stripe
phases form mid-gap bands; in the rst ase these bands
are partially lled, sometimes even half-lled, while in the
seond ase these bands are lled (for a reent disussion
see Ref. [14℄). From the point of view of desribing these
phases by means of mirosopi models it is ommonly a-
epted that the one band Hubbard model is suitable for
Fig. 1: (Color online) Magneti struture of the Ni atomes in
the NiO-planes of La5/3Sr1/3NiO4. Bright (yellow) irles or-
respond to Ni1/Ni2 sites, dark (blue) irles to Ni3/Ni4 sites.
The representation refers to the experimental CDFAS phase,
see the text for details.
the uprates, whereas the orbital degeneray inorporated
in a two-band Hubbard Hamiltonian plays a prominent
role when studying nikelates. In both ases it turns out
that the parameters of the model deeply inuene the type
of ground state (see, e. g., Ref. [15℄), and it would be de-
sirable to obtain an estimate of them from ab initio al-
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semi-ore states valene states
Sr 4s, 4p 5s, 5p
Ni 3p 3d, 4s, 4p
La 5s, 5p 4f , 5d, 6s, 6p
O 2s 2p, 3s
Table 1: Choie of semi-ore and valene states.
ulations. Indeed, when omparing a doubly degenerate
Hubbard model to a more realisti Hamiltonian ontaining
eg states [16℄, the former predits bond entered diagonal
half-lled stripes to be the ground state, whereas diago-
nal lled stripes are promoted in the latter ase. Besides,
the relevane of the Jahn-Teller oupling was emphasized
by Zaanen and Littlewood [17℄. Therefore a band stru-
ture alulation embraing all these aspets is expeted to
provide insight into the mehanism leading to the stripe
formation. As ompared to the uprates, quantum utu-
ations should play a smaller role in the nikelates where
the Ni
2+
ions arry spin 1. The approximations involved in
the band struture alulations hene are expeted to have
less impat. In this work we fous on the doping x = 1/3,
where the wave vetors haraterizing spin and harge
modulations oinide as Qs,c =
pi
3
(1, 1). This ase or-
responds to the most stable stripe phase with an ordering
temperature of T ∼ 240K, as revealed by spei heat [18℄,
transport [19℄, and optial ondutivity data [20℄. For a
more omprehensive review of the experimental situation
we refer to Ref. [16℄.
The rystal struture of the La2−xSrxNiO4 ompounds
is based on the body-entered tetragonal K2NiF4 struture
with spae group I4/mmm [21℄, as for the La2−xSrxCuO4
system [22℄. Therefore, the tetragonal unit ell omprises
two La2−xSrxNiO4 formula units. The ompounds essen-
tially onsist of NiO6 otahedra forming layers parallel to
the ab-plane, where neighbouring layers are separated by
La/Sr ions. To be more spei, the magneti Ni atoms
are arranged on a square planar lattie and interat via
the O atoms loated midway between them. By symme-
try, there are two rystallographially inequivalent NiO
planes, whih, however, are losely related to eah other.
We have obtained the strutural parameters for our band
struture alulations by interpolation between the exper-
imental values at ompositions of x = 0 and x = 0.6. For
the omposition of interest, x = 1/3, the lattie onstants
amount to a = 3.83Å and c = 12.68Å. While the La/Sr
sites are loated at (4e) Wyko positions with parameter
z = 0.3617, the Ni and O(1) sites oupy (2e) and (4)
Wyko positions, respetively. Finally, for the O(2) sites
we again have to deal with (4e) Wyko positions, where
the parameter is z = 0.174. In order to aount for the
realized spin and harge modulations, we set up a super-
ell of the tetragonal unit ell. Comprising altogether six
La5/3Sr1/3NiO4 formula units with 12 La/Sr sites, our su-
perell is given by the lattie vetors (1, 1, 0), (3, 0, 0), and
(0, 0, 1), with respet to the tetragonal lattie. In order to
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Fig. 2: (Color online) Partial Ni 3d and O 2p DOS (per unit
ell) for spin-degenerate La5/3Sr1/3NiO4, as obtained by the
LDA+U method.
satisfy the La:Sr ratio of 5:1, we have to attribute 10 La
and 2 Sr atoms to the 12 La/Sr sites, where the details of
the distribution do not aet our further argumentation.
As a onsequene, we have four lasses of inequivalent Ni
sites, alled Ni1, Ni2, Ni3, and Ni4 in the following. Sites
Ni1 and Ni3 are loated in one of the inequivalent NiO
planes, while sites Ni2 and Ni4, respetively, orrespond
to them in the other NiO plane. The positions of sites
Ni1 and Ni3 are translated into that of Ni2 and Ni4, re-
spetively, by the vetor (a/2, a/2, c/2). The harge and
spin pattern overed by these strutural prerequisites is
illustrated in g. 1. We have diagonal stripes of Ni1 (Ni2)
sites, separated by domains of Ni3 (Ni4) sites, thus reet-
ing the oinidene of the spin and harge wave vetors.
The eletroni struture alulations presented in the
following rely on density funtional theory (DFT). Con-
erning the DFT implementation, we apply the Wien2k
pakage, a state-of-the-art full-potential ode with mixed
lapw and apw+lo basis set [23℄. This ode has shown great
apaity in dealing with the interplay of strutural relax-
ation, magneti interation and eletroni orrelations in
very omplex materials [24℄. In eah of our alulations,
the harge density is represented by almost 23,000 plane
waves and the mesh for the Brillouin zone integration om-
prises 60 k-points in the irreduible wedge. Our hoie
of semi-ore and valene states is summarized in table 1.
For the superell setup desribed above, we address al-
ulations within the pure generalized gradient approxima-
tion (GGA) as well as LDA+U alulations to aount for
an additional loal eletron-eletron interation. We use
the Perdew-Burke-Ernzerhof [25℄ parameterization of the
exhange-orrelation funtional for the pure GGA, while
the LDA+U alulations are based on the SIC sheme de-
sribed in [26, 27℄. In eah ase, we use a band struture
alulation where we artiially enfore spin-degeneray as
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Fig. 3: (Color online) Partial spin-majority and spin-minority
Ni 3d DOS (per Ni atom) for spin-polarized La5/3Sr1/3NiO4 in
the ADFAS phase, as obtained by the LDA+U method.
referene for the total energy gain of spei spin patterns.
In partiular, we investigate diagonal lled ferromagneti
stripes (DFFS) as well as A- and C-type diagonal lled an-
tiferromagneti stripes (ADFAS, CDFAS), whih allows us
to ompare ferromagneti with antiferromagneti oupling
both within the NiO planes (intraplane) and between ad-
jaent planes (interplane).
The eletroni states at the Fermi energy are expeted
to grow out of the Ni 3d and O 2p orbitals, due to Ni-O
bonding. This is onrmed by g. 2, whih shows the Ni
and O partial densities of states (DOS) resulting from a
spin-degenerate LDA+U alulation. Contributions of La
and Sr states in the energy interval of g. 2 are very small
and play no role for the further disussion. Here, and in
the following LDA+U alulations, loal interations are
assumed for both the Ni
2+
and Ni
3+
sites. For the onsite
Coulomb interation we hoose a value of U = 8 eV and
for the Hund's oupling a value of JH = 0.8 eV [28, 29℄.
In g. 2 we identify two groups of eletroni bands, the
rst extending from about −8 eV to −1.6 eV, with respet
to the Fermi energy. The seond, being separated from
the rst group by an energy gap of 0.7 eV, starts at about
−1.9 eV and extends far beyond the Fermi level. Whereas
O 2p ontributions onentrate in the low energy group
of bands, the DOS at higher energy is dominated by the
Ni 3d states. In partiular, a pronouned DOS struture
is evident at the Fermi energy, whih points towards an
instability against magneti ordering.
Introdution of the spin-polarization has serious eets
on the DOS of the magneti Ni atoms. In gs. 3 and 4
we address the spin-polarized partial Ni 3d DOS, sepa-
rated into ontributions from the four rystallographially
inequivalent Ni sites, for two possible antiferromagneti
spin patterns of La5/3Sr1/3NiO4. The magneti struture
of the ADFAS phase (g. 3) is based on a ferromagneti ar-
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Fig. 4: (Color online) Partial spin-majority and spin-minority
Ni 3d DOS (per Ni atom) for spin-polarized La5/3Sr1/3NiO4 in
the CDFAS phase, as obtained by the LDA+U method.
rangement of domain walls and magneti domains, an in-
traplane ferromagnet, and antiferromagneti oupling be-
tween adjaent planes. On the ontrary, in the ase of the
CDFAS (g. 4) the diagonal stripes are ordered antifer-
romagnetially within the NiO planes, as depited in g.
1, whereas the oupling is ferromagneti along the per-
pendiular c-axis. For both antiferromagneti spin pat-
terns, the DOS shows a broad struture of oupied Ni 3d
states, and a nite number of states at the Fermi energy.
Laking of an insulating band gap, however, ontradits
an experimental gap of 0.26 eV [19, 20℄. In gs. 3 and 4
we nd broad spin-minority bands extending far beyond
the Fermi level. For the ADFAS phase the same applies to
the spin-majority states, while for antiferromagneti intra-
plane oupling these states give rise to a muh more pro-
nouned struture with a remarkable weight at the Fermi
level. In addition, we have tried several other spin pat-
terns in order to obtain an insulating state, but without
any suess. In eah ase, the system appeared to be far
from opening a band gap. Furthermore, we have investi-
gated whether a loal interation on the oxygen sites has
to be taken into aount. While the total energy in fat
slightly dereases for reasonable values of U and JH , the
DOS shape hanges only marginally near the Fermi level.
In a reent LDA+U study on La5/3Sr1/3NiO4, Yamamoto
et al. [30℄ have found an insulating solution with an energy
gap of 0.11 eV. However, in ontrast to our alulations,
their data rely on a spin pattern with antiferromagneti
ordering along the diagonal stripes.
We next address the stability of the spin patterns under
onsideration. Aording to table 2, all magneti solutions
are lower in energy than the paramagneti phase, already
for U = 0. In partiular, the DFFS and ADFAS phases
turn out to be almost degenerate, both revealing an energy
gain of 5.8mRyd per Ni atom as ompared to the non-
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DFFS ADFAS CDFAS ADFAS, LDA+U CDFAS, LDA+U
intraplane oupling fe fe af fe af
interplane oupling fe af fe af fe
magn. moment Ni1 (µB) 0.72 0.66 1.14 1.66 1.73
magn. moment Ni2 (µB) 0.71 −0.71 1.10 −1.53 1.63
magn. moment Ni3 (µB) 0.77 0.72 −1.02 1.68 −1.60
magn. moment Ni4 (µB) 0.78 −0.78 −0.89 −1.64 −1.55
total energy gain (mRyd) 5.8 5.8 87 152 143
Table 2: Ni magneti moments and total energy gain (per Ni atom) with respet to non-magneti alulations. Columns 1 to 3
refer to pure GGA alulations, whereas olumns 4 to 6 give the orresponding LDA+U values. The LDA+U results are based
on the parameters U = 8 eV and J=0.8 eV.
magneti solution. Beause these patterns only dier by
their spin arrangement along the c-axis, we onlude that
the magneti interlayer oupling is very weak. Turning to
the omparison of the ADFAS and CDFAS ongurations,
we obtain that the latter has a substantially lower energy
than the former (6.7mRyd per Ni atom). This energy gain
an safely be attributed to the intraplane magneti ou-
pling, due to the nearly vanishing interplane interation,
as mentioned above. Remarkably, the evaluation of the lo-
al magneti moments self-onsistently inuenes the var-
ious hopping matrix elements and rystal elds involved
in the alulation. It therefore is unlikely to design a re-
alisti model without aounting for this self-onsisteny.
Nevertheless, a large number of alulations for the two-
band Hubbard model learly point at ompeting phases,
see [31, 32℄ and the referenes therein.
Regarding the magneti moments, we nd omparable
amplitudes for all Ni sites, independent of the magneti
struture. Remarkably, even in the ase of the DFFS on-
guration the magneti moments show a strong tendeny
to stripe formation. Their values inrease substantially in
the CDFAS phase, see table 2, resulting in a lower energy.
Note that the total magneti moment is nite in one unit
ell, amounting to 0.35µB per Ni site. Nevertheless, the
moment is expeted to vanish if the superell would be
doubled in the c-diretion. Sine the interlayer oupling is
almost negligible, the result of suh a alulation would be
losely related to the present data, yet produing a van-
ishing total magnetization. Our alulation thus aptures
all relevant features of the CDFAS phase. Moreover, a so-
lution with vanishing intraplane magneti moment ould
not be obtained, and therefore is likely to be either higher
in energy or not to exist.
Conerning the magneti state of the Ni ions, we nd
a superposition of Sz = 1/2 (Ni
3+
-like) with Sz = 0 and
Sz = 1 states (Ni
2+
-like, one eletron in eah eg orbital
with parallel/antiparallel spin), whereas states involving
doubly oupied orbitals are suppressed [33℄. When the
onsite eletron-eletron interation is inluded (U = 8 eV,
JH = 0.8 eV), the loal magneti moments inrease signif-
iantly, to about 1.6µB in both antiferromagneti phases.
This modiation arises from a ombined eet of U and
JH , as suggested by model alulations [33℄. However, the
inrease is amplied in the ADFAS phase as ompared
to the CDFAS phase, favoring the former by 9mRyd per
Ni atom. Thus, the energy order of the antiferromagneti
patterns is inverted due to the onsite interation, hene no
longer reeting the experimental situation. This fat in-
diates strong interplay between the magneti struture,
the onsite Coulomb interation, and the energetial se-
quene of the magneti phases. We have veried that the
latter is not sensitive to (i) the exat values of U and JH ,
in a reasonable range ompared to experimental data, and
(ii) the inlusion of a loal interation on the O sites. Com-
bining the above with the absene of an insulating ground
state in our band struture alulation leaves little room
for an explanation of the deviation from the experimen-
tal observation: one appealing senario is provided by the
fat that the nal determination of the rystal struture,
in partiular the positional parameters of all atoms, has
not been performed so far. The strutural estimates used
for the atomi positions an be inadequate, suggesting to
perform a struture optimization. Up to now, however, a
realisti struture optimization ould not be realized due
to a large number of lattie degrees of freedom. As stru-
tural relaxation is expeted to be very sizeable for NiO6
otahedra, modiation of the Ni-O bonding ould easily
alter the eletroni struture in the viinity of the Fermi
energy, suh that an insulating gap arises. Of ourse, this
might orret the energy sequene of the spin patterns.
In summary, we have presented a series of spin-resolved
eletroni struture alulations for the striped nikelate
La5/3Sr1/3NiO4, inluding onsite Coulomb interation. In
ontrast to experimental ndings, the LDA+U approah
results in A-type diagonal lled antiferromagneti stripes,
while in the pure GGA sheme C-type diagonal lled an-
tiferromagneti stripes are favored. Our results indiate
that aordane with the experimental situation alls for
further determination of the strutural parameters, sine
NiO6 otahedra are known to be subjet to strong stru-
tural distortions in many ases. We expet that the same
applies to all ommensurate doping levels.
p-4
Band struture of striped nikelates
∗ ∗ ∗
We thank V. Eyert, T. Kopp, and M. Razkowski for
helpful disussions, and aknowledge nanial support by
the Deutshe Forshungsgemeinshaft (SFB 484) and the
Bayerish-Französishe Hohshulzentrum.
REFERENCES
[1℄ J.M. Tranquada, J.D. Axe, N. Ihikawa, Y. Naka-
mura, S. Uhida and B. Nahumi, Phys. Rev. B, 54
(1996) 7489.
[2℄ P. Abbamonte, A. Rusydi, S. Smadii, G.D. Gu,
G.A. Sawatzky, and D.L. Feng, Nature Physis, 1
(2005) 155.
[3℄ Y. Kohsaka, C. Taylor, K. Fujita, A. Shmidt, C.
Lupien, T. Hanaguri, M. Azuma, M. Takano, H.
Eisaki, H. Takagi, S. Uhida and J.C. Davis, Siene,
315 (2007) 1380.
[4℄ Q. Li, M. Hüker, G.D. Gu, A.M. Tsvelik, and J.M.
Tranquada, Phys. Rev. Lett., 99 (2007) 067001.
[5℄ S.-H. Lee and S-W. Cheong, Phys. Rev. Lett., 79
(1997) 2514.
[6℄ H. Yoshizawa, T. Kakeshita, R. Kajimoto, T. Tan-
abe, T. Katsufuji and Y. Tokura, Phys. Rev. B, 61
(2000) R854.
[7℄ S.-H. Lee, J.M. Tranquada, K. Yamada, D.J. But-
trey, Q. Li and S.-W. Cheong, Phys. Rev. Lett., 88
(2002) 126401.
[8℄ P.G. Freeman, A.T. Boothroyd, D. Prabhakaran,
D. González andM. Enderle, Phys. Rev. B, 66 (2002)
212405.
[9℄ M. Hüker, M. von Zimmermann, R. Klingeler,
S. Kiele, J. Gek, S.N. Bakehe, J.Z. Zhang, J.P.
Hill, A. Revolevshi, D.J. Buttrey, B. Bühner,
and J.M. Tranquada, Phys. Rev. B, 74 (2006) 085112.
[10℄ E. Dagotto, Nanosale Phase Separation and Colossal
Magnetoresistane (Springer Series in Solid State Sienes
Vol. 136, Springer-Verlag, Heidelberg) 2003.
[11℄ T. Kimura, K. Hatsuda, Y. Ueno, R. Kajimoto,
H. Mohizuki, H. Yoshizawa, T. Nagai, Y. Matsui,
A. Yamazaki and Y. Tokura, Phys. Rev. B, 65 (2002)
020407(R).
[12℄ S. Larohelle, A. Mehta, L. Lu, P.K. Mang, O.P.
Vajk, N. Kaneko, J.W. Lynn, L. Zhou and M.
Greven, Phys. Rev. B, 71 (2005) 024435.
[13℄ J. Zaanen and A.M. Ole±, Ann. Phys. (Leipzig), 5
(1996) 224.
[14℄ M. Razkowski, R. Frésard, and A.M. Ole±, phys.
stat. sol. (b), 244 (2007) 2521.
[15℄ M. Razkowski, R. Frésard, and A.M. Ole±, Euro-
phys. Lett., 76 (2006) 128.
[16℄ M. Razkowski, R. Frésard and A.M. Ole±, Phys.
Rev. B, 73 (2006) 094429.
[17℄ J. Zaanen and P.B. Littlewood, Phys. Rev. B, 50
(1994) 7222.
[18℄ A.P. Ramirez, P.L. Gammel, S.-W. Cheong, D.J.
Bishop and P. Chandra, Phys. Rev. Lett., 76 (1996)
447.
[19℄ S.-W. Cheong, H.Y. Hwang, C.H. Chen, B. Bat-
logg, L.W. Rupp, Jr. and S.A. Carter, Phys. Rev.
B, 49 (1994) 7088.
[20℄ T. Katsufuji, T. Tanabe, T. Ishikawa, Y. Fukuda,
T. Arima and Y. Tokura, Phys. Rev. B, 54 (1996)
R14230.
[21℄ Y. Takeda, R. Kanno, M. Sakano, O. Yakamoto,
M. Takano, Y. Bando, H. Akinaga, K. Takita, and
J.B. Goodenough, Mat. Res. Bull., 25 (1990) 293.
[22℄ N. Nguyen, F. Studer, and B. Raveau, J. Phys.
Chem. Solids, 44 (1983) 389.
[23℄ P. Blaha, K. Shwarz, G. Madsen, D. Kvasika,
and J. Luitz, Wien2k: An augmented plane wave + loal
orbitals program for alulating rystal properties (Vienna
University of Tehnology) 2001.
[24℄ U. Shwingenshlögl and C. Shuster, Europhys.
Lett., 79 (2007) 27003; Eur. Phys. J. B, 55 (2007) 43;
Appl. Phys. Lett., 90 (2007) 192502; Europhys. Lett., 77
(2007) 37007.
[25℄ J.P. Perdew, S. Burke, and M. Ernzerhof, Phys.
Rev. Lett., 77 (1996) 3865.
[26℄ V.I. Anisimov, I.V. Solovyev, M.A. Korotin, M.T.
Czyzyk, and G.A. Sawatzky, Phys. Rev. B, 48 (1993)
16929.
[27℄ A.I. Liehtenstein, V.I. Anisimov, and J. Zaanen,
Phys. Rev. B, 52 (1995) R5467.
[28℄ V.I. Anisimov and O. Gunnarsson, Phys. Rev. B, 43
(1991) 7579.
[29℄ V.I. Anisimov, D. Bukhvalov, and T.M. Rie, Phys.
Rev. B, 59 (1999) 7901.
[30℄ S. Yamamoto, Y. Hatsugai, and T. Fujiwara, Phys.
Rev. B, 76 (2007) 165114.
[31℄ R. Frésard, M. Razkowski, and A.M. Ole±, phys.
stat. sol. (b), 242 (2005) 370.
[32℄ M. Razkowski, R. Frésard, and A.M. Ole±, J.
Phys.: Condens. Matter, 18 (2006) 7449.
[33℄ R. Frésard and M. Lamboley, J. Low Temp. Phys.,
126 (2002) 1091.
p-5
